Mold particles from Aspergillus fumigatus, Penicillium chrysogenum, Aspergillus versicolor, and Stachybotrys chartarum have been linked to respiratory-related diseases. We characterized X-ray-inactivated spores and hyphae fragments from these species by number of particles, morphology, and mycotoxin, β-glucan and protease content/activity. The pro-inflammatory properties of mold particles were examined in human bronchial epithelial cells (BEAS-2B) and THP-1 monocytes and phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1. Spores from P. chrysogenum and S. chartarum contained some hyphae fragments, whereas the other preparations contained either spores or hyphae. Each mold species produced mainly one gelatin-degrading protease that was either of the metallo-or serine type, while one remains unclassified.
| BACKGROUND
There is sufficient evidence from epidemiological studies of associations between indoor dampness/mold and adverse health effects including respiratory symptoms, respiratory infections, and exacerbation of asthma. 1, 2 Several kinds of indoor air pollution agents may contribute. Mold has been suggested to be particularly important, as it may not only cause infection and toxic effects, but also trigger allergic and non-allergic inflammatory reactions that may be linked to various respiratory-related diseases. [3] [4] [5] Quantitative guidelines (thresholds)
for acceptable levels of indoor contamination of microorganisms/mold have not been suggested. 1 However, for the work environment where exposure levels can be much higher, a proposal has been made. 6 Species that commonly occur in moist indoor environments include Aspergillus fumigatus, Penicillium chrysogenum, Aspergillus versicolor, and Stachybotrys chartarum. The reproductive spores may disperse into the air. When they deposit, they may germinate into multicellular filamentous structures called hyphae, which can grow further into tangled mass of networks known as mycelia. Spores from many species, but not all, are easily aerosolized. Spores from some species, for example, S. chartarum are produced in slimy aggregates which are dispersed by water and may become airborne after secondary dispersion. 6 Furthermore, experimental studies have demonstrated that not only spores but also hyphae fragments can be liberated from fungal cultures. [7] [8] [9] Recently, an immune-microscopic method for their detection has been described.
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In addition to direct microscopic quantification, 9 components like ergosterol, 11 polysaccharides such as β(1→3)-glucans 12 and enzymes such as proteases have been used as measurement units for total fungal exposure. Under certain growth conditions, the fungi may synthesize and excrete mycotoxins which are active secondary metabolites that are reported to induce toxic and inflammatory effects in experimental studies. 13, 14 The cell wall of both spores and hyphae consists of a matrix containing, for example, β-glucans, glycoproteins, and lipids, reinforced by chitin fibrils, but the threedimensional structure varies between species and between spores and hyphae. 6 Spores are considered to be largely inert toward recognition by the immune system, partly due to the rodlet layer com- Furthermore, molds may secrete various proteases that have been linked to different health effects such as chronic inflammation and tissue damage. 18, 19 Most of the mold proteases belong to either the cysteine (C), serine (S), or metallo (M) class of proteases. 20 Matrix metalloproteinases (MMPs) are produced by many cell types, in particular by activated macrophages. 21, 22 They have broad substrate specificity and can process almost all extracellular matrix proteins as well as non-matrix proteins including cytokines, chemokines, growth factors, and cell receptors.
Epithelial cells and alveolar macrophages constitute the first line of defense against inhaled molds. 23, 24 In addition, monocytes may migrate to the infected site in the alveoli during inflammation. 25 The molds are recognized by cellular membrane receptors, including TLRs, proteaseactivated receptors (PARs), or C-type lectin receptors (CLRs).
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In general, TLR2 and TLR4 are considered to be key recognition components for host innate defense system against fungi. 27 TLR5
has been reported to be involved in the immunological response to
A. fumigatus in THP-1 monocytes, 28 and TLR9 in response to S. chartarum. 29 PARs-2 are a G protein-coupled receptor that can be activated by proteases produced by molds. 30 Furthermore, various recognition receptors are found on different cell types and they differentially recognize molds in various growth stages. [31] [32] [33] [34] [35] As a response to the activation of different receptors, cells se- Finally, their pro-inflammatory potentials were examined using human bronchial epithelial cells (BEAS-2B) and THP-1 monocytes and PMAdifferentiated THP-1 macrophages as representative lung cell models. 8 The purity of the spore preparation was based on fragment/spore number after microscopic examination; however, estimates based on volume (closer to mass) were also performed.
| MATERIALS AND METHODS

| Fungal samples
| Inactivation of fungal samples
To specifically examine immunologically responses from spores and hyphae, we inactivated the samples. More specifically, fungal samples were irradiated on ice with X-rays (17.45 Gy/min, 225 kV, 13 mA, no filter, 5 cm distance to the source) from X-RAD 225 (Precision X-ray Inc., North Branford, CT, USA) at the Norwegian Institute of Public
Health receiving a total dose of 5 kGy.
| Sample preparation for mycotoxin analyses
Samples were extracted and analyzed for their respective mycotoxins with liquid chromatography-high-resolution mass spectrometry (LC-HRMS) according to procedures described in Supplementary 2.
| Extraction and analysis of β-glucans in fungal suspensions
Spores or hyphae fragments (approximately 10 7 spores) were centrifuged and resuspended in 0.05% Tween-20, and β-1,3-glucans were extracted by adding equal volume of 0.6 mol/L NaOH and shaking for 1 hour at room temperature. The extracts were neutralized with equal volume of 0.6 mol/L Tris HCl (pH 7.4) and frozen at −20°C until analysis. Beta-1,3-glucans were quantified in duplicates using kinetic rate assay of the Glucatell β-1,3-glucan detection kit (ACC) according to the manufacturer's descriptions. Different dilutions of the extracts were tested, and possible interfering effects of the sample matrix were controlled by spike recovery tests of each sample using glucan standard.
| Characterization of proteases by gelatin and collagen zymography
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described previously 40 using 4% and 10% 
| Cell culture and exposure conditions
The BEAS-2B cell line, which was established after SV-40 hybrid 
| Cytotoxicity
After exposure to the test compounds for 24 or 72 hours, the cell morphology of the cultures was visually examined with a light micro- 
| Cytokine release
After exposure, the medium was harvested and centrifuged at 290 × g Austria GmbH, Grödig, Austria).
| Statistical analysis
The statistical analysis was performed in GraphPad Prism 7 (GraphPad Software, CA, USA). One-way ANOVA was used to analyze the data sets, and Dunnett's post-hoc tests were used to compare groups for one-way ANOVA. In all figures, spores and hyphae were plotted separately in two figures. However, the statistics were performed as separate one-way ANOVA for each spore or hyphae (ie, including all applied concentrations) due to differences in number of experiments performed per species. Therefore, no comparison between the responses to the different species was performed. As indicated in the figure legends, all data were log transformed before performing ANOVA to achieve a normal distribution and to fulfill the assumption of equal standard deviations of all sets of replicates, as recommended by the program developers.
| RESULTS
| Composition and particle size distribution of exposure materials
The exposure materials were characterized with regard to morphology, size, and composition by scanning electron microscopy to evaluate the distribution of particle types in all samples. As presented in Table 1 , aerosolized spore samples of P. chrysogenum had 30% contamination of hyphae fragments, whereas the spore preparation from S. chartarum contained a mixture of spores and hyphae fragments with only 26% spores. However, microscopic examination revealed large spores when compared to small hyphae fragments (Supplementary 1, Fig. S1 ). Therefore, volumes of the different components were estimated by microscopic examination. This estimate which is closer to mass of a sample gave a contamination of only 8.4 and 21% hyphae fragments for the spore preparations of P. chrysogenum and S. chartarum, respectively. All other samples were mainly spore (90%-97%)
or hyphae fragment (99%-100%) preparations. In the spore preparations, 87%-91% of the spore particles were single spores, while in the hyphae samples fragments of 1-10 μm (64%-84%) dominated.
Washed spores appeared to be smaller and/or have less dry weight than aerosolized spores, and thus for the same mass, samples with washed spores contained 2-3 times more particles than aerosolized spore preparations.
| Characterization of mycotoxin content
We tested for a large number of relevant mycotoxins by various LC-HRMS analysis. The amounts were in general small and insignificant (Supplementary 3, Figs S2-S4 ). In short, we did not find any detectable concentrations of gliotoxin, fumitremorgins A-C, citrin or PR toxin, penicillin G, or any non-targeted tricothecenes. However, A. versicolor and P. chrysogenum contained minor amounts sterigmatocystin and roquefortine C, respectively ( Table 2 ). The mycotoxins detected seemed to be at somewhat higher levels in washed spores of both species when compared to hyphae fragments.
| Measurement of β-1,3-glucans in fungal samples
The amounts of β-1,3-glucans in hyphae fragments were similar in P. chrysogenum, A. versicolor, and S. chartarum, whereas A. fumigatus T A B L E 1 Distribution of fungal particle types in the various mold samples Table S2 ). Washed spores of A. versicolor and S. chartarum also contained some β-glucans, but much less than hyphae did. Aerosolized spores of A. fumigatus and P. chrysogenum contained both minor amounts of β-1,3-glucans.
| Characterization of proteases
Gelatin zymography showed that hyphae fragments of A. fumiga- Therefore, this protease is deemed a metalloprotease. The 60 kDa protease from washed spores of S. chartarum was not stable during the storing conditions, and due to the low activity seen in the inhibitory experiments, it was not possible to classify this protease. The 300 kDa protease from hyphae fragments of S. chartarum was not inhibited by any of the three inhibitors used and may therefore belong to one of the new families of proteases found in microorganisms or an unassigned family.
| Cell viability/cytotoxicity
As judged by light microscopy, neither of the test materials seemed to affect viability after neither 24 hours nor 72 hours at these concentrations (not quantified). In addition, neither apoptosis nor necrosis was observed in any of the cell models (data not shown).
| Cytokine release
IL-1β and TNF-α release from BEAS-2B cells was not increased even 
| Protease release from THP-1 monocytes and macrophages
THP-1 monocytes and PMA-differentiated macrophages were treated with the mold samples to examine their effect on cellular release of proteases. Based on previously published studies, 40, 42, 43 an exposure period of 72 hours was chosen in these experiments. As can T A B L E 2 Detected fungal metabolites in the particle fractions and estimated concentrations in methanol supplemented and sonicated suspensions (ng/mL) be seen from the data presented in Figure 3A , gelatin zymography of the THP-1 monocyte in serum-free-conditioned medium showed only a weak band at 92 kDa, whereas the medium from cells exposed to likely proMMP-9 as it was previously shown to be the only gelatindegrading enzyme secreted from THP-1 monocytes.
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Compared to media from THP-1 monocytes, the media from PMAdifferentiated THP-1 macrophages showed an increased level of a 92 and a 225 kDa protease ( Figure 3B upper panel) . As shown previously, these two proteases are the monomer and homodimer forms of proMMP-9.
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A very faint band also appeared at 72 kDa, the synthesis of which is not affected by incubating the cells with the various mold species. This 72 kDa protease is likely proMMP-2 as these cells have been shown to be able to produce this protease. 44 Due to the large amount produced already in the controls of the 92 kDa protease, it was not possible to evaluate if the mold affected the secretion of this protease without dilution of the cell-conditioned media. As seen in Figure 3B 28, 33, 38, 39 In the present study, we have systematically characterized spore and hyphae fragment preparations from four species common in indoor environments and compared their pro-inflammatory potentials in different experimental models. We treated the samples with X-ray, 28 as this We aimed to use fungal preparations as close as possible to naturally occurring airborne particles, and thus spores were preferentially collected by airflow (aerosolized). Aerosolized spores were only obtained in sufficient quantity from A. fumigatus and P. chrysogenum.
| DISCUSSION
These preparations were slightly contaminated with hyphae fragments, 10% and 30%, respectively, as measured by number of fragments.
Washed spores appeared to be smaller and/or have less dry weight than aerosolized spores, probably due to the presence of immature spores. The quality of the samples was considered very high except the spore samples from S. chartarum and partly P. chrysogenum. However, due to the relatively large size of spores compared to the small size of the hyphal fragments, the purity of these samples was also estimated by volume which are closer related to mass. A relative high purity by mass was supported by the differences found in β-glucans, protease activities as well as their pro-inflammatory responses. It should also be noted that there are no direct correlations between inflammatory responses and particle number between the various fungal particle samples.
Several studies have reported that mycotoxins may suppress the inflammatory responses through cytotoxicity. Beta-glucans are mainly exposed during hyphae growth. 50 These carbohydrates are masked by rodlets, hydrophobins, or α-glucans on dormant spores. 15, 37, 51 In accordance with this, no or only low levels of β-glucans were found in spore preparations from A. fumigatus and P. chrysogenum, or A. versicolor and S. chartarum, respectively, whereas the levels in hyphae preparations were at least 10× higher.
Beta-glucans seem to elicit a strong immune response, 50 and some studies have linked exposure to β-glucans to inflammation-related health factors. 52, 53 In line with this, we find a lower pro-inflammatory potential of A. fumigatus and P. chrysogenum spores when compared to their respective hyphae preparations. However, in the current study there was no correlation between the total level of β-glucans in the various hyphae preparations and their pro-inflammatory potential.
Although the importance of that β-glucans for the triggering of immune responses is well documented, it is not likely that their total content necessarily reflects the pro-inflammatory potential. In addition to β-glucans, also other components of the cell wall contribute, including ergosterol and chitin. Most importantly, the availability of such molecules at the surface, as well as the topical structures of the particle, is important determinants of the pro-inflammatory effects. 50, 54 Exposures to proteases, including those from molds, have been shown to stimulate inflammatory signaling pathways in airway cell models. 45, 55 Often, the triggering pathways involve cross talk between PARs and various TLRs-mediated signaling pathways. 56 The characterization of the samples with regard to gelatin-degrading protease activities revealed that the hyphae from A. fumigatus, P. chrysogenum, and A. versicolor contained more protease activity than their respective washed/non-aerosolized spore preparations, corresponding with higher inflammatory potential. However, as the two S. chartarum samples contained high protease activity despite low pro-inflammatory potential, protease activity as such is not a good parameter for these inflammatory responses. A further characterization of the protease activity revealed that hyphae fragments of A. fumigatus contained a gelatin-degrading serine protease, whereas hyphae fragments of P. chrysogenum consisted of a gelatin-degrading metalloprotease.
Thus, this serine protease could be more potent than the metalloprotease with respect to pro-inflammatory potential. IL-1β and TNF-α are the early mediators of inflammatory reaction, which initiate and amplify a wide variety of effects associated with innate immunity and host responses to fungi. 57, 58 Previous studies have suggested that phagocytes and epithelial cells are the primary target cells producing these inflammatory mediators in the lung, 59 while monocytes are recruited to the lung during inflammation. 25 The enhanced production of pro-inflammatory mediators is seen at non-cytotoxic concentrations, illustrating that inflammation/ pro-inflammatory responses are the primary response to these fungal particles and that IL-1β may be secreted without membrane damage.
The THP-1 macrophages model was the most sensitive model with respect to triggering inflammatory responses, followed by the undifferentiated THP-1 monocytes. This is in line with the notion that macrophages represent an important role in the first line of defense toward molds.
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Although the BEAS-2B cells did not increase the release of IL-1β
and TNF-α, it should be noted that at high concentration hyphae fragments from all of the species increased the secretion of in particular IL-6 and for A. fumigatus and P. chrysogenum also IL-8. Furthermore, while the pro-inflammatory response in BEAS-2B appeared to be low, it is important to remember that the epithelial layer and its mucus layer represent an important barrier toward various microbes. The differences in sensitivity between various models are greatly reflected by the fact that the more differentiated THP-1 macrophage stage has receptors involved in phagocytosis and/or fungi recognition that will trigger pro-inflammatory responses when compared to monocytes and epithelial cells. In accordance with this, the CLRs dectin-1 and 2
are highly expressed in macrophages. 33, 60 It is interesting to note that washed spores from A. fumigatus seem to give more pro-inflammatory effects than the aerosolized spores. A possible explanation could be that more immature, smaller, and/or lighter spores were collected by the washing technique than via the aerosolization. Mature spores will have a more complete hydrophobin layer and thicker cell wall making them less immune-reactive. 15, 51 With regard to A. fumigatus and P. chrysogenum, the hyphae preparations seem to have a larger potential to trigger IL-1β than their corresponding spore preparations, which is in accordance with the current dogma that spores are less pro-inflammatory than hyphae. 6, 15, 61 However, A. versicolor-and S. chartarum-washed spores seemed to give as least as large responses as their respective hyphae preparation. Dectin-1 recognizes β-glucans, whereas Dectin-2 binds to α-mannans both being common in the fungal cell wall. 33, 60 As the above-mentioned receptors preferentially should bind to hyphae/ germinating spores and not to resting spores, other receptors must also be involved/responsible for the spore-induced pro-inflammatory effects. Possibly, THP-1 macrophages have receptors specifically recognizing some topical structures/epitopes on the spores irrespectively of their protease activity, mycotoxin, or β-glucan content.
33
Matrix metalloproteinases are secreted as pro-enzymes, and their activity is carefully regulated. The longer exposure of both THP-1 monocytes and PMA-differentiated THP-1 macrophages to hyphae fragments resulted in increased release of proMMP-9. The basal release from the macrophages was found to be particularly high as also reported by others. 21, 22 Although mold proteases may activate PAR-2, and PAR-2 is known to mediate upregulation of MMP-9, 62,63 these two events are probably not linked, as the release was first seen after longer periods of exposure. More probably, the release of proMMP-9 is a secondary event due to release of IL-1β
and/or TNF-α as these cytokines are known to trigger the release of MMPs.
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Based on equivalent dry weight concentrations of hyphae fragments added to cell cultures, the overall potential to stimulate the production of pro-inflammatory mediators decreased in the order A. fumigatus > P. chrysogenum > A. versicolor > S. chartarum. By looking at their relative characteristic as determined by relative number, size, and shape of particles, content of mycotoxins, β-glucan, and crude proteases activity, we find no single explanation to this observation.
Thus, the pro-inflammatory reactions seem to be a complex combination of several factors.
In the present study, pro-inflammatory effects of molds were detected at very low doses/concentrations (in the order of 10 ng/cm 2 ) when compared to other studies. 31, 39, 64 As chronic inflammatory responses as such are linked to adverse health effects, the present findings support the notion that mold exposure could be linked to health effects. However, further studies should be conducted to explore the relevance of these models and the possible unwanted implications of these type of responses.
In conclusion, the present study has characterized aerosolized spores and hyphae fragments and washed/non-aerosolized spores from different fungal species common in moist indoor environments and compared their characteristics in relation to their inflammatory potential. The pro-inflammatory effects of molds were detected at low doses/concentrations supporting the notion that mold exposure could be linked to health effects. Aspergillus fumigatus seemed to be the most potent species. THP-1 macrophages were clearly the most sensitive model followed by THP-1 monocytes and BEAS-2B cells.
There was no clear link between various sample characteristics and the observed pro-inflammatory response, illustrating the complexity of the many combined factors involved in such immune responses.
Most interestingly, while the hyphae preparations of A. fumigatus and P. chrysogenum were more potent than the respective spore preparations, the opposite seems to be true for A. versicolor and
S. chartarum.
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